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DYNAMIC PLASTICITY IN TRANSITION FROM THERMAL ACTIVATION TO VISCOUS DRAG

J. N. JOHNSON and D. L. TONKS

Theoretical Division, Los Alamos National Laboratory, lLos Alamos, NM 87545

For lovw-to-intermediate rates of mechanical loading, plastic deformation is econtrolled by
thersal accivation or mechanical penstration of dislocations through barriers. These barriers
can be solute atoms, impurities, or, in the cass of very pure materials, other dislocations.
At some point betveen intermediate strasin rates (10 - 10¢ s°!) and the higher strain rates
(10% - 10" s°!) associated with weask-shock compression, the plastic deformstion process makes
a transition from being dominated by stress-assisted thermal activation to being controlled by
the time it takes s mobile dislocation to get from one barvier te the next: this latter time
depends on the effective stress and viscous-drag force provided by the porfect lattice. Some
of the models that describe this process are revieved, aleng with various hardening
sechanises. Distinction is made between simple rate-dependent models (in whirh thr shear
stress depends on the current plastic strain rate and plastic strain) and path-dependent
models (in which the shear stress depends on the current plastic strain rate and all past
history through one, or more, internsl-state variables). A way in which shock-wave data can
be used to extend intermediate strain-rate models into the viscous-drag regime is described.

1. INTRODUCTION

A major challange to shock compression
scientists has been the inference of dynaaic
mechanical propercies from limited "real-time"
gauge records, shock-recovery aexperimrnts,
lov-to-intermediate strain .ate data, and
reasonable, physically based micromechanical
models. The cyclic proress of experiment/
theory has been going on ever since Pack,
Evans, and Jnnonl obtained the first indirect
evidence of an elastic precursor in explos-:
ively loaded ateel. Of course, materials
acient{sts have been measuring and modeling
lov-to-intermediste atrain-rate behavior for
some time. It 1s only lately that we have
begun to merge these two regimes, Recent
discussions regarding intermediate satrain-rate
date (particularly for copper) have focused on
an {incroase in strain-rate sensitivity for
strain rates above 10° o' initial ex-
planations were based on a change ({n
defurmati 'n mechanisas from thermal activation

to dislocation dug‘z'5

Further experimentation and interpretation
have suggested that some part, or all, of thae
increases In strain-rate sensitivity for OFE
copper is due to rate-dependent hardening of
the mechanical threshold ltnu.6 at least to
a maxisum strain rate of spproximately 2 x 10“
! Ths mechanical threshold stress
(abbreviated MTS here) 1is defined to be the
yield strength at 0 K. Tonks and Johnlon7
examined shock:wvave data for copper in terms
of the MNTS wmodel, and concluded that the
dislocation-drig reglwe vas resched for shock
amplitudes of 3.0- and 35.4-GPa. The s.:ope of
the present paper !s (i) to revies models that
combine thermal activa.lon and dislocation
drag, (i{1) to assess thenm in terms of current
experimental data in both the low-to:
tntermediate  (10°% . 10“ +7!) and plate.
tapact (10° 107 o'1) scratn-rate ragloes,
and (111) to presc.at an .stimate of where the
transition betwveen the twn deformstion mecha

nisms occurs for OFE coppaer.



2. MODELS AND HARDENING MECHANISMS

2.1. g£liftop

Cllf:on2 gives the earliest and most com-
plete discussion of transition trom thermal
activation to dislocation drag in shock-loaded
solids, with specific application to 6061-Té
aluminum. The plastic strain rate & s
related tv the magnitude of the Burgers vector
b, the mobile disiocation density Na, and the
average dislocation velocity vV according to

the Orowan relarion:
P abNg Vv . 1)

The motion of dislocations due to an applied
stress r is viewed asz being composed of
thermal activation through disperse local
obstacles and viscous glide through the clear

region betveen obstacles of spacing L. Hence
veLl/(e s (2

where t; is the time for thermal activation

and t3 .s the time for traveling to the next

obstacle:
t) = wo 'texplaG(r)/kT) - 1} (3
tz = L/v(r) (4)
vhere

8G(r) = AGol1 - [(r - rg)/ep) 27332

(3)
{s the difference batveen the «ibbs frue
energies at adjacent stable and metasteble
equilibrium positions, rg 1s the megnitude of
the long-range residual stress, rp is the peak
atresn required to mechanically overcome the
obatacle, T is the absolute temperature, and
vir) 1a the dislocation vaelocity due to

viscous drag 1in the clear region betwean

obstacles. The terms »; axd AG, represent an
attempt frequency and peak activation enargy,
respectively. The -1 term in Equation (3) {s
introduced to sersure that t ;=0 at rerg+rp; in
regions for wvhich AG is sufficiently large,
Equation (3) reduces to the usual sxpression
for thermal activation. Generally v(r) 1
taken to be of the form

v(r) = br/B (6)

vhere B 1s the drag coefficient, vhich becomes
infiritely large as Vv approaches c;, the
elastic shear wave speed; this ha= the effect
of limiting v to the region bet. .en zero and
cg. Combination of Equations (2)-(5) then
leads to the following expression for v in the
transition region:
¥ = Luolexp[AG(r)/AT] - 1 + Lwo/w(r)) "}

(7)

The behavior of v/cs as s function of r {a
shown in Figure 1. The plastic strain rate {is
then obtained from v and Equation (1) with
some assusptions concerning the mobile
dislocation density Na as & function of the
plastic strain,

The major thrust of this wvork {involves
shock-vave responas, not intermediste strain-
rates in the thermal activation regime, and
hence details of where the transtion region l»
located are not investigated. A significant
conclusion of this work is that the approxi-
mately linear relationship for dislocation
velocity, Equation (6), cannot successfully
predict the dispersive nature of vave profiles
at lov fmpact velocities while also predicting
fast rising shocks and aspproximately steady
vaves at 1 mm from the impact surface in
6061-T6 aluminum for symmetric {apact
velocities on the order of 0.5 ka/».
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FIGURE 1
Transition to dislocation drag

2.2. Hoge and Muhkerise

Experim¢ntal data on tantalum at strain-
rates of 10'“ tc 10“ l'l have been analyzed by
Hoge ad HuhkorJ003 in terms of thermal act/-
vation in combination w!th transition to dis-
location drag. Their expression for the
average dislocation velocity {is

V= LuolaxplaG(r)/kT] + LygBos2c by L, (8)

where the activation energy is of the form
8G(r) = 2U4(1 - (v'/vp)]2 . (93

In Equations (8) end (9) ¢’ is cthe chermal
component of the stress (the difference
between the measured flow atress ¢ and the
athermal, long-range, intarnal back atress ry)
snd v, s the Pelerls etress. The
similarities to the expressious of Cltfton2
and Follanabee, Regazzoni, and Kock-“ are
apparent. The compsrison of this model w'th
experimental dJata on tantalus (s showm {vn
Figure 2. The transition from thermal acti-
vation to dislocation drag is gradual «ud

tukes place at a strain rate of approximately

i
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FIGURE 2
Theory and data for tantalum
10% 73

Steinberg and Lunds have applied the
results of Hoge and Muhkerjee to a computer
algorithm for simulation of shock compression
in rantalum. In this work ¢ and ¢’ are inter-
prated as yield strengths, and & in Equation
(1) is takzn to be the total strain rate
rather than the plastic strain rate. There-
fore, comparison to standard, physically based
{nterpreotations is difficule,

2.3. Fgllanabee. Bagazzoni. and Kocka

Follansbee, Regazioni, snd KOCkl“ follow a
method very similar to that of c11fton2 in
describirg the the dramatic incresse (In
scrain-rate sensitivity for strain rates
axcesding 10 &1 tn copper. The strain-rate
dependence of the flow stress {n copper &t a
strain of 15 percent s shown in Figure 3.

In this wmodel, the aenergy for thermal
activation {» expressed in terus of the
*thresho)d stress” ry, the flow atress at O K.
The weacurement of ry in this work was done
at a straln rate of 5500 »°! and so strictly
epplies to the (Internal (metallurgical)
structure produced at this strain rate. It is

assumsd thet the plastic strain constitutes an
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FIGURE 3

Shear stress data for OFE copper (ref. 4)

spproximate Trepresentation of the inrernal
structure. The Cibbs free energy of thermal
activatiun s assumed to be given by

1/2,3/?

AG(r) = Fgtl - (r/ra) (10)

where Fo {8 & constant = 220 kT. The average
dislocation velocity Ls given by

Ve Luglexp[aG(r)/KT] + LuoMBo/(2rb)) '1, (11)

wvhere M |s an average Taylor factor and other
quanticies have already been dafined. We note
the siollaricies with Cllfton’12 results,
Equations (3):(7): the quantity By represents
the drag coeflicient In the limit of low
dislocation velocit{ies anJd low applied
stresses [throughout this work we make the
distinction between wuniaxial stress ¢ and
shear stress r: o = 2r],

Equation (l1) goes smoothly over tr the
dislocation drag regime as G =~ O A

ll{aitation of this anslysis s that r x /g

because of the mathematical form of Equation
(10). Various assumptions are made concerning
the moblle dislocation density, and the model
{s compared vwith the experimental data as
shown in Figure &4 with Ng = N.o(r/v.)n; ne=2

(solid 1lina) and n = 3 (dashed line). The
transition from thermal activation to dislo-
cation drag 1s indicated by the arrow (Figure

4). Addicional experimentarion reveals that
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FIGURE 4
Theory and data for OFE copper (ref. &)

the assuoption regarding the Indepwndence of
ru on plastic strain rate is in error, and the
data are reexamined in the work of Follansbes
and Kockl‘6

2.4. Ammstrong and Zerilli

Armatrong and Zcrllll5 have also investi-
gated the trensition to dislocstlon drag In
copper. The empirical relationships Include
strain hardening, strain-rate aftects, and
thermal softening. An sppronimate description
of the complete process of tranpltion to dis
location drag 1s glvon by a drag-affected,
sdditive thermal stress

*
o /ewml) + (1 4 acoiTrow VYL 1)

vhere



1/2 qupl(-fo + Miln P)T] , (13)

on = B (P)
and ¢o. B, Bo, and B are empirical
Figure 5 shows a fit of the
Amastrong-2erilli modal to the datsa of
Follangbee, Regazzoni, and KOCRl.a

constants,
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Theory and data for OFE copper (ref. 5)

2.5. Follsnabee and Kocks (MIS)

In the recent work of Follansbee and Kockl6
a nev explenation for the increased strain-
rate sensitivity of OFE copper at a strain
rate of 10° o' 1 put forth., This work
follows from that of Follansbee, Regazzoni,
and Kockla and involves additional oeasuremsnt
of the reload strength of samples that have
been presctrained to the same finsl atrain but
at vastly different rates. The data show that
tha threshola stress, nov termcd the machanic-
al theshold stress (MT5), undergoes a dramstic
increase 1in hardening rate (dre/ae?)  for
strain ratay exceeding 103 l'l. The essence
of thase messuremants gnd their interpretation
are shown in Figure 6 in vhich two {dentlical
samnles are prestrained to 13 percent at
“land 10°% o°! and then

reloaded at the same (10'3 n'l) strain rate.

strain rates of 104 [}

The difference In yield strength for these two

tests showa the difference in internal astruc-

ture produced by the two prestrain conditicns;
that is, the materisl has a memory of its past
history and the increase in strain-rate sens{.
tivity shown in Figure 3 is a result of
internal structural evolution and has nothing
to do with transition to dizlocation drag.
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FIGURE 6
Reload tests on OFE copper

In the MTS model the plastic strain rate in
the absence of dislocation drag is given by

(chermal activation only)

P

4y = yvo expl-aG(r)/XT) , (14)
whare
8G(r) = 1.64b°11 - [(r-ra)/(ra-r)] 270, (19)
4 .3 the temperature dependent shear modulus,

vo = 107 &1
of the MT5 is sssumed to be of the form

, and rgq = 20 MPa. The evolution

P _tanh{(rg - *9)/(ry - ta)]
drg/de [ TR tenh(2) }

(16)
where ¢y 18 a saturatior, atreas (a function of
strain rate and temperature).

When all of che data have been fit
according to thess assumptions, #o(¢P) varias

a8 shown i{n Figure 7 (circles) alenp with an



ompirical fit (solid line) as given by

0o(kbar) = (1/2)(23.90 + 0.12 1n P(s") + 3.4
x 10°%Pu"Y) an

These results do not mean that transition

to dislocation drag does not occur at soms

peint, only that previous interpretations of
the data shown {n Figure 3 are due to other
factors.

30 = T T

20
g 28+
o
© 24

22 —

1 1 1
200 -2 0 2 ]
Iogo t°(s ")
FIGURE 7

Rate-dependent hardening in OFE copper

Folllnlbu9 has reinvestigated the ({influence
of dislocation drag on the high-strain-rate
response cf copper using the MIS model. The
average dislocation velocity is given by

Ve Lvotexp{aG(r)/kT) + Lyo/v(v)).l \

(18)
vhere AG is glven by Equation (16) and v(r) is
given by Equation (6) plus a Taylor [actor.
Johnson and Tonk-lo spplied Equation (18) to
shock

copper and concluded (as did Cllftonz for

experimental dacta on rise times (in

6061-T% aluminum) that the approximstely
linear dependen.» of v(r) {8 incapable of
representing the rapic increase in strain rate
as 8 function of impact stress. I‘olhnlhull

has been examining this question in tersa of a

streas-dependent moblle dislocation densfty,

0

2.6. Tonks and Johnson

Tonks and Johnson7 consider the problea of
transition to dislocation drag in terms of the
MTS modsl.
plastic strain rate data are extracted from
3.0- and 5.4-GPa shock waves in OFE copper.

This resulted in a new fit to the O(EP) data
12

Shear stress, plastic sctrain, and

of Figure 7 as provided by Fol)lansbes:

fo(kbar) = (1/2)[23.707 + 0.08295 1n ¢P(a”))
+ 0.03306 JiP(s™Yy) (19)

When through the
history of the 3.0- and 5.4-GPa shock waves,

integ~-ated scrain-rate

Equation (19) ylelds final flow stresses con-

sistent with the shock data as well as vith

the intermediate strain-rate data of
Follansbee and I(ocku:6 Figure 8.

180 .

150

Shock Deta e
(30 QPa) ’,

—
—
4’{ MT8
- (30 GPa)
cO 1 2 J
PLASTIC BTHAIN (PERCENT)
FIGURE &8
Shear stress aond NTIS evolution In shock
coapression

). TRANSITION TO DISLOCATION DRAG IN COPPER
As a means of aestimating conditions under
wvhich trensition fros thermal activation to

dislocation drag occurs in copper, we note

that wvhen the thermal-activation waiting tlme
obstecles are

sand the run time between

sdditive, as in the development of the mod-ls



described here, the plastic gtrain rate dus to
both processes occurring sisultanecusly can bs
written as

- rasd o+ i (20)

Here subscripts t and d refer to therwal
activation and drag, respectively. Tonks and
Johnnon’ observe that the 3.0 - and 5.4-GPa
shock-vaves are aslmost entirely In the drag
regime. The following is an empiricsl fit to
the 3.0-GPa data [units; s°! and GPa):

ih =109 - P8P o D (21

where d = 10.75F. h = 1.55 GFPa, g = 2.072, 11
= 0.0001, and ¢ = 1.09. Thermal activation
doainstes the deformation process wvhen 3? < i:
and drag dominatas vhen the inequality sign {s
reversed. Hence the boundary between the two

regions is given by
W=, (22)

where is is given by Equation (21), ir is
siven by Equation (14), and #o(¢P) 1s given by
Equation (19). This gives the boundsry
betvean the thermal activation and dislocation
drag regimes as shown in Figure 9 for S(low
paths at conatant plastic strain rate.

The results shown {n Figurs 9 indicate
that dislocation drag is isp-rtant only at low
plastic scrains and high plastic strain races.
As the plastic strein rate decreases, it s
fourd that cthe boundary betwean the two
regines moves closer to the P < 0 exts.
Uncertainties (n the various functionzl forms
used {n the calculation defined by Equation
(22) do not allow us to decermine vhether
dislocation drag persists at F = 0 and

intermediate s:rain rates (<10‘|'1).

B i
sl OFE COPPER |
E: Thermsl
L T ee- —l
E‘»— 0 —
Dreg
° | ]
4 8 [} 7
1090 ¢° (s™")
FIGURE 9

Thermal activation and dislocation drag
regimes in OFE copper

4. DISCUSSION

We have combined shock-wave data in the
form of Equation (21) with intarmediate
strain-rate data for copper iIn order to
determine the boundary betwveen thermal-
activation-dominated and dislocation-drag-
dominated plastic flow in OFE copper.

A unique determination of the transition {s
complicated by the path-dependent nature of
the MTS model (above). As pointed out in
Section 2.5, OFE copper has a memory of its
past history through evolution of rga. This
problam does not occur for simple Tate-
dependent (but path.independent) constitutive
descriptions: Equation (21) is an example of
this type of description. Hardening rules for
heth thermal activation and viscous drag which
depend only on the amount of plastic etrain
that has been accumulated to that paint pro-
vide unique interpretation of the transition
from thermal activation to viscous drag. but
say miss some of tha asubLler and wore
interesting aspects of dynamic material
behavior.

The question of which type of description
is "best" depends on factors such as required
accuracy, path variation, and available time

resolution. While path-dependent models are



undoubtedly more advanced and more intereating
they can also ba somevhat more di“ficult to
use.

Tonks has obtained empirical f£its ¢o
veak-shock data for other solids (Al, Be, Fe,
stainless steel, U, and V) using the analysis

14
of Vallace™ .

tabular form with shear stress and plastic

13

These data are presentsd in

strain as functions of time through the shock
front. This aliowvs researchers to fit the
data with vhatever wmodel they think 1is
Tonks provides fita to thase
data in the form of Equation (21).

appropriace.

This collection of weak-shock data can be
used to determine transition froa thermal
activation to dislocation drag in materials
other than OFE copper, as intermediate strain-

rate data for these materials becone

available.
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